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ABSTRACT 

The occurrence and migration of contaminants in groundwater impacted by 
leachate at six municipal landfill sites are being studied to determine the hydro-
geological, geochemical, and microbiological influences on their mobility and persis-
tence. Of special interest are processes of attenuation (sorption, biodegradation) 
and dilution (hydrodynamic dispersion). Currently, studies are underway in sandy 
aquifers (CFB Borden, North .Bay and Woolwich), less permeable . sandy silty glacial 
till (CFB Borden), and in fractured shale and dolomite (Burlington and Hamilton). 
Studies at a landfill site on fractured • Clay-till in southwestern Ontario will begin in 

. 1985. 
• 

At the North Bay site, where landfilling began in 1962, organic contaminants 
are found throughout the 1 km sandy aquifer. Chlorinated solvents are restricted 
to the immediate vicinity of the landfill, probably, because of • anaerobic biodegrada-
tion. Aromatic hydrocarbons may also be degraded in the final 300 m section.. At 
the Woolwich site, the chlorinated solvents are migrating further while aromatic 
hydrocarbons are only found in low concentration even near the landfill. . Aerobic 
conditions appear to dominate here, resulting in persistence of chlorinated methanes 
and ethanes and degradation Of aromatics. Additional research into the hydrogeolo-
gical controls of contaminant migration at these sites is underway. 

At the landfill on sandy silty glacial till at Canadian Forces Base Borden, 
where landfilling began in 1976, a plume of groundwater contamination has devel-
oped that is readily mappable over a distance .of 150 m based.  on chloride and -total 
dissolved organic carbon. Detailed studies of the organic compounds in this plume 
will soon be initiated. 

Contamination of a fractured bedrock system at the Hamilton site by organics 
has been difficult. to define because the major contaminants are aliphatic and aro-
matic hydrocarb which also occur naturally in these sedimentary bedrock. strata.. 
Therefore, reseaooH into the occurrence of hydrocarbons and S-bearing heterocyclic 
hydrocarbons in ....-- oontarninated groundwaters is underway in order to identify 'bet-

ter ''leachate indlo7.-:tort' parameters. 

.At a landfill .on fractured shale in Burlington, normal inorganic indicators of--
le.achate contamination did not provide a basis for delineating the zone of contami-
nati_on. At this site 1,1,1 trichloroethane, chlorobenzene and paradichlorobenzene at 

o•entrations have been used to trace the zone of landfill impact for a 

considerabl'distance from the landfill. 



     

     

 

INTRODUCTION 

 

It has long been recognized that municipal landfills in Ontario and elsewhere in 
humid or semi-humid climatic regions produce leachate that causes contamination of 
groundwater. Zones of contaminated groundwater, referred to as leachate plumes, 
are commonly extensive at landfills situated on permeable, geological materials. 
The hydrogeology grcues at the University of Waterloo began investigations of the 
extent and chemical nature of leachate plumes in Ontario in 1976. Until recently 
these investigations focused on the inorganic contaminants in unconfined sand aqui-
fers. The results of these inorganic studies are presented by Cherry (1982), Cherry 
(1983), and Cherry at al. (1981). In the past three years our landfill investigations 
have been extended to include landfills on other types of geological materials and 
to include organic contaminants. The investigations of organic contaminants are 
being undertaken in collaboration with the Environmental Engineering Group at 
Stanford University and with the Department of Environmental Chemistry and Biol- 
ogy at the Oeegon Graduate Center. 	 • 

Six landfills in Ontario are currently being investigated as part of this 
long-term research program. Three of the landfills are situated on unconfined sand 
aquifers. One of these .land fills, referred to in this paper- as the old Borden land-
fill, is located at Canadian Forces Base Borden near Alliston. The other two land-
fills are near the City of North Bay and in Woolwich Township near Elmira. The 
landfills at these three sites are about 20 years old and the aquifers are quite 
permeable so that tt2E--,re has been an opportunity for relatively large plumes of 
leachate contamination to develop. The fourth landfill is also situated at Canadian 
Forces Base Borden. -This landfill, referred to as the -new Borden landfill, began 
operation in 1976. It is situated on a deposit of sandy silty glacial till. Because 
this landfill is young and because the geological material is only moderately perme-
able, there has been much less opportunity for a zone of groundwater contamination 
to develop at this site than at the other landfill sites included in this _investigation. 

The other two landfills are situated on fractured bedrock /,,One is located on 
the lower part of the Niagara Escarpment in Burlington about 3.5 kilometres from 
Lake Ontario. This landfill, referred to as the Bayview Park landfill, is situated on 
less permeable fractured shale.1 The other landfill is located on the upper part of 
the Niagara Escarpment in 1-larn' ilton, about 5 km from Lake Ontario. It is situated 
on moderately permeable dolomite which is underlain by slightly permeable shale. 
This landfill is known as the Upper Ottawa Street Landfill. Landfilling began at 
these two sites between 20 and 30 years ago. 

The old Borden landfill, the Bayview Park landfill and the Upper Ottawa Street 

landfill are no lance:-  in use. They have received a final cover of earth material 
and the surfaces ha \.e been planted to grass. The other three landfills are continu-
ing to receive refuse. 

The purpose of cer current investigations at each of these landfills is to deter-
mine the nature of the inorganic and organic contamination within the contaminant 
plumes and to determ:ne the distributions of selected organic contaminants and the 
processes that control these distributions. With the support Of the Ontario Lottery 
Fund, our investicatioris of most of the above-mentioned landfills will continue for 
another two years. This paper is a brief report on the nature of our studies. In 
addition to the landfills mentioned above, our investigations in the next two years 
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will include a landfill situated on clayey glacial till of very low permeability in 
southwestern Ontario, where contaminant migration is expected to be governed by 
molecular diffusion rather than by groundwater flow. A search for an appropriate 
study site is near completion and field studies will begin at the selected site in the 
spring of 1935. 

In this paper two of the six landfills, the new Borden landfill and the Upper 
Ottawa Street landfill, are mentioned only briefly. 

METHODS OF INVESTIGATION 

Prior to our investigations, a hydrogeological study of each site had been con-
ducted by consulting firms as part of the normal investigative activities that are 
usually undertaken by regional governments or landfill operators. This information 
was used by us in the design of our research programs, and as a basis for the 
installation of a network of groundwater monitoring devices to supplement the 
monitoring piezorrieters that were already in place at each of the sites. 

At five of the study sites,. monitoring networks 'consist primarily of multilevel 
monitoring devices constructed of small diameter polypropylene sampling tubes. At 
the three landfills on sand aquifers multilevel monitoring is provided by bundle pie-
zometers (Figure 1). Bundle piezometers contain eight or nine individual piezome-
ters, each extending to a different depth, to provide vertical profiles of hydraulic 
head and water chemistry. No seals are used between the piezometer tips because 
in cohesionless sand aquifers, the sand caves in rapidly and apparently quite tightly 
around the tubes. 

The bundle piezometers were installed using hollow stern augers. Their design 
and use-are described in detail by Cherry et al. (1983). The bundle piezometer was 
developed as a monitoring device for use in investigations of landfill plumes in sand 
aquifers by experimentation at the old Borden landfill and then in later years it 
was applied at the Woolwich and North Bay sites. 

The main advantage of the use of bundle piezon-)eters at these sites is that 
vertical profiles of water chemistry are Obtainable . from a single borehole. Compa-
rable profiles using conventional piezometers require many more borehoies. At 
sites where the water table is deep, the efficiency of bundle piezometers is less 
than at shalleew water table sites because water sampling is much more time-
consuming. This was a significant problem at the Woolwich site where the depth 
to the water table below ground surface ranges from 10 to. 70 metres. To allevi-
ate this problem, a narrow" diameter sampling pump was developed by Robin et 21. 
(1982) for use at this site. This pump is now manufactured and marketed by an 
Ontario company (Solinst, Burlington). 

The monitoring networks at the two sites on fractured bedrock consist of con-
ventional piezometers installed previously by consultants and multilevel monitoring 
devices (Figure 2). The multilevel monitoring devices consist of a bundle piezome-
ter within a PVC casing. Each piezometer tube is connected to a sampling part in 
the casing. The segments of borehole sampled by each tube are isolated from 
above and below by an inflated packer. The packers are constructed of a chemical 
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seal ,-- nt (Dowell sealant), which expands when contacted by water, which is 'pumped 
into the PVC casing_ It contacts the chemical sealant through holes in the PVC 
casing adjacent to the packer. A rubber membrane covers each packer to prevent 
contact with groundwater surrounding the monitoring device. 

The number of piezometers that can be placed in each multilevel device 
depends on the siee of borehole. The boreholes used at the Upper Ottawa Street 
Landfill Site in Hamilton were approximately 7 centimeters in diameter. Each. 
multilevel device contained between 5 and 7 piezorneters. At the Bayview. Park - 
site in Burlington;  the boreholes were approximately 10 centimeters in diameter so 
that multilevel devie.es contained between 10 and 12 piezometers. Because the cost 
of drilling boreholes in rock is high, there is a strong financial incentive to place 
as many piezometers as possible in each borehole. The disadvantage of these mul-
tilevel devices is that assembling is more difficult and time-consuming than is the 
case for larger diameter conventional piezometers. 

The multilevel device for bedrock was originally developed for use at the Upper 
Ottawa Street landfill and later used at the .Bayview Park site in Burlington. 
Details regarding the design and construction of the device are provided by Cherry 
and Johnson (1982), and.  by Cherry et al. (1985). The pump used for drawing water 
samples from the multilevel de:vices at the fractured rock sites is the one men-
tioned above for sampling bundle piezometers in deep water table areas (Robin et 
al. 1982). 

At the new Borderr landfill, conventional piezometers are used for.  groundWater 
monitoring. The silty till at this site does not provide the .sediment caving charac-
teristics of cohesionless sand which are necessary for the use of bundle piezome-
ters. Nor, does it provide smooth open boreholes of the type encountered in bed-
rock. Smooth open holes are necessary for the Dowell-sealant type multilevel 
monitoring devices. Therefore, conventional piezometers were used at this site. _ 

The network of conventional piezometers that existed prior to our investigations 
has been augmented to provide more detailed monitoring. Nests of conventional 
piezorneters are used to provide vertical profiles of water chemistry. In general, 
only one piezometer is installed in each borehole, the tip surrounded by a sand 
pack and sealed from the rest of the borehole in the bentonite. 

The monitoring network that currently exists at each of the landfill study sites 
was installed in phases. A limited number of monitoring devices were installed in 
each phase, from which data were acquired and used as a basis for the installation 
of additional devices. The least number of monitoring sites exists at the Bayview 
Park landfill site J;here there are 33 conventional piezometers and five multilevel 
monitoring devices- The most monitoring devices exist at the old Borden landfill 
where there are approximately 69 conventional piezometers and 75 multilevel 

devices. 

Water samples f7om nearly all of the monitoring devices at each of the landfill 
sites have been E7-.alysed for chloride and electrical conductance. Many of the 
samples have also been analysed for total dissolved organic carbon (DOC). A lesser 
number of samples from each site have been analysed for a large suite of inorganic 
constituents such as major ions and trace elements. 
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TraCe organic compounds in selected samples from each of the sites, except for 
the new Borden landfill, have been analysed by gas chromatography and mass spec-
trometry. Although many organic compounds have been identified in the plumes, 
these methods provide identifications of compounds that constitute only a few per-
cent of the total mass of dissolved organic compound in any of the samples. . The 
sampling and analytical methods used in the investigations of organics at the Bor-
den, Woolwich and North Bay sites are described by Reinhard et al. (1984) and the 
sampling and analytical methods used in the investigation of the Bayview Park 
landfill site are described by Pankow et al. (1984). 

In addition to water sampling, the networks of monitoring devices at each of 
the landfill sites are used for water-level monitoring and for performing field tests 
for hydraulic conductivity. The water level and hydraulic conductivity data enable 
interpretations of the groundwater flow patterns and flow rates to be developed for 
each site. 

One of the objectiveS.  of these investigations is to compare the positions and 
shapes of the leachate plumes determined from chemical analyses of the 'water 
samples to the positions and shapes that one would predict on the basis of infor-
mation pertainipg to hydraulic conductivity, water-table configuration and the dis-
tribution of hydraulic head. At some of the sites, mathematical models are being 
used to develop more formal predictions based on these types of data. The.  most 
recent application of a mathematical model for simulation of contaminant migration 
is described by Hokkanen (1984) who successfully simulated in considerable detail 
the 40 year development of the plume at the old Borden landfill. 

RESULTS AND DISCUSSION 

Plumes Delineated by Chloride and DOC  

At the three landfill sites on sand aquifers and at the landfill on sandy, silty 
glacial till, plumes of leachate contamination were easily delineated using chloride 
and DOC. 

The plume at the Borden landfill is the longest and widest, extending approxi-
mately 900 to 1,000 metres northward from.  the edge of the landfill. It is about 
700 m wide with •a fan-like shape. Landfilling at this site bean in 1940 so that 
more than four decades of contaminant migration have bE-e-n necessary for the 
plume to grow to this extent. The plume is thickest beneath the landfill where the 
bottom of the plume - goes as deep as 25 m below the water table. The plume 
extends nearly to the bottom of the aquifer here because of the effect of a 
ephemeral 'water-table 'mound beneath the refuse and possibly because of an effect 
of plume density. 

The Borden landfill plume becomes much thinner in the direction of groundwa-
ter flow, which is northward. The plume becomes thinner because the aquifer 
becomes thinner in this direction. At its northern extremity, the plume exists in 
only the lowest 2 or 3 metres of the aquifer. Thus, detailed vertical profiles of Cl 
or DOC were necessary to identify the plume in this area (MacFarlane et al. 1983). 
The average northward groundwater velocity in the sand aquifer is about 10 to 20 
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m/yr  in the "northern-most part of the plume where the aquifer is thin. The south-
ern half or two-thirds of the plume has a relatively stable shape, whereas the 
northern part is continuing to expand northward at the groundwater flow rate men-
tioned above. 

The North Bay landfill is situated on unconsolidated glacio-fluvial sands gener-
ally 17 m to 25 m thick, underlain by a thin (< 2,) zone of less permeable, till and 
then granitic bedrock. Contaminated groundwater flows southwest from the landfill, 
under a large sand pit and discharges in springs adjacent to Chippewa Creek, about 
700 m to the southwest (Figure 3): 

The leachate-contaminated plume has been defined by repeatedly sampling 
(1981-present) the multilevel piezometers. Figure 3 shows the contours of 
maximum chloride (Cl) concentration in 1982. Figure 4 shows the Cl concentrations 
in a vertical profile along the AA' cross section indicated in Figure 3. Whereas 
the highest Cl concentrations occupy the middle of the unconfined sand aquifer 
near the landfill site, the high Cl zone plunges to the bottom of the aquifer within 
about 200 m of the landfill. 

The plume that extends from the North Bay landfill does not spread laterally as 
does the Borden plume (MacFarlane et at., 1983). The laterally-restricted path of 
the former may be influenced by bedrock-surface control suggested by a bedrock 
outcrop immediately east of the plume. This is confirmed in part, by recent geo-
physical surveys by Dr. J. P. Greenhouse of the University of Waterloo. However, 
permeability variations as well as a "bedrock valley" may be limiting the lateral 
spreading. 

Groundwater velocities range from about 30 to about 150 m/yr with 70 m/yr 
considered representative of the overall velocity. Thus, leachate has probably been 
discharging near site AAA since the mid-1970's. A resampling of the piezometer 
network in June, 1984 found lower maximum chloride concentrations (520 versus 840 
mg/L) than in 1981/82 and the maxima occur 50-150 m from the landfill rather 
than adjacent to the landfill as in 1982 (Figure 3). This displacement of maximum 
Cl concentrations is consistent with the 70 m/yr groundwater velocity. The 
decrease in maximum Cl concentration could be a result of dispersion. These 
results indicate that the input of Cl and, by inference, other species, from the 
landfill is not constant. We will assume, however, that the ratio of organic con-
taminants to Cl has been constant over time. This appears reasonable since a good 
correlation of TOG (total dissolved organic carbon) with Cl is obtained for most 
sampling points. 

The Woolwich landfill differs considerably from the other two landfills on sand 
aquifers in that the refuse is deposited in pits that are well above the water table. 
The bottom of the refuse and the water table are separated by 7 to 10 m of 
partially-saturated sand. The thickness of the sand aquifer beneath the water table 
is 15 to 20 m. The water table across the site slopes southeastward, which is the 
direction in which a plume has developed since landfilling at the site began in the 
mid-1960's. 

The plume, delineated using C1 and DOC, extends nearly to the bottom of the 
aquifer beneath the landfill. Although the plume is easily identified near the land-
fill on the basis of these two parameters, it is much less distinct beyond 306 to 



400 m, where Cl-  and DOC values are much lower and are erratic in the vertical 
profiles. The position of the leading edge of the plume has not been located in 
detail because of these conditions. 

From values of hydraulic conductivity, a southeastward hydraulic gradient and 
porosity, calculated estimates of the average groundwater velocity are in the range 
of about 50 to 150 m/yr. The lack of a clear indication of the plume beyond 400 
or 500 m from the landfill is therefore puzzling. Investigations that are in prog-
ress are designed to shed some light.  on this situation. 

The smallest plume exists at the new landfill at Borden where the front of the 
plume has only travelled about 150 metres northward from the edge of the landfill. 
Landfilling at this site began in 1976. Considering that this landfill is young and 
that the hydraulic conductivity of the till is much less than the conductivity of the 
sand aquifers, this plume has travelled relatively far. The average rate of travel 
of the front of the plume is about 20 m, which is not much less than the average 
travel rates attributed to the three plumes in the sand aquifers. The moderately 
steep slope of the land surface causes lateral hydraulic gradient at the site to be 
much larger than at the sand-aquifer sites. 

The background concentrations of chloride and DOC at the four sites described 
above are very low in comparison to the concentrations of these constituents in the 
landfill leachate at these sites. Chloride and DOC are therefore well suited for 
defining the extent of leachate impact on the groundwater zones at these sites. 
Chloride concentrations in the leachate are generally in the range of 200 to 800 
mg/L whereas the background concentrations of chloride are generally less than 10 
mg/L. Background concentrations of DOC are generally less than 5 mg/L whereas 
in the leachate the DOC concentrations are generally in the range of 50 to 5000 
mg/L. 

At the two landfills 'on fractured bedrock, chloride and DOC did not serve as 
useful parameters -for delineating the full extent of the groundwater zones ithpacted 
by the landfill. At the Bayview Park landfill site, which is underlain by fractured 
Oueenston shale, the groundwater in the shale contains high concentrations of, chlo-
ride derived from shale. This chloride salt is apparently a relic from the seawater 
that existed when the shale and other sedimentary rocks formed in southern Ontar-
io. The natural DOC in the groundwater in the Queenston shale is generally less 
than 5 mg/L. The landfill concentrations of DOC are much higher than the back-
ground values. However, the flow pattern in the shale is erratic and the landfill 
concentrations appear to be quite variable and therefore DOC is not as suitable as 
a leachate indicator as at the sites on the sand and on sandy silty till. DOC at 
this site enab:es the leachate-impacted zone close to the landfill to be delineated 
but it does not serve as a good indicator of the leachate plume in its down-
gradient extremity. 

At the Upper Ottawa Street landfill, which is underlain by dolomite and by 
dolomitic shale, the background concentrations of chloride and of DOC are high and 
therefore at this site both these parameters are limited in their usefulness for 
plume delineation. This site is similar to the Bayview Park site in that the 
groundwater flow system is very complex due to the nature of permeability in the 
fractured rocks. 
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Trace Organic Compounds In The Plumes 

North Bay Landfill  

Studies of trace organic occurrence and migration in the North Bay plume have 
been underway since 1982, and are ongoing, in part, as a cooperative research pro-
gram with Stanford University. Results have recently been published (Reinhard et 
al. 1984, 1984a) and so only a few main results are summarized here. 

Figure 5 shows the vertical distribution of Cl, DOC (dissolved organic carbon), 
methane (CH4 ) and selected organic contaminants at location G adjacent to the 
landfill againin 1982 (Figure 5). Whereas maximum concentrations of Cl, DOC and 
xylenes occur at a depth of 5 to 10 m, maximum concentrations of benzoic acid, 
various phenols and trichloroethylene (TCEy) occur at a depth of about 17 M. This 
distribution has been confirmed on at least four occasions since 1982. 

The occurrence of TCEy, which in its industrial product form is organic liquid 
denser than water, exclusively at depth suggests the possibility of a dense organic 
liquid phase existing beneath this landfill which is being slowly leached by ground-
water flowing near the bottom of the aquifer. However, the much higher concen-
tration of "light" organics, benzoic acid, and phenols at the same piezometer do not 
support this hypothesis. Other explanations for this vertical variation at G include 
different inputs along the respective flow lines being sampled at G and possible 
selective biodegradation of organic components in the different geochemical/ 
microbial environments along the flow lines. 

(Table 1 presents the concentration of selected organics in the plume sampled 
in 1982). Although many organic contaminants persist to the discharge springs, the 
chlorinated methanes, ethanes and ethylenes have not been detected beyond about 
200 m from the landfill (Reinhard et al. 1984 and Oct. 1984 sampling). .This is 
unlikely to represent retardation by sorption as more-readily sorbed organics have 
moved over 700 m. It could represent only recent disposal of these organics, but 
this is not considered likely given their long-term use as solvents and degreasers. 
It is more likely that these organics are being microbially transformed during 
migration (Reinhard et al. 1984, 19842). 

Only methanogenic bacteria have been 'conclusively shown to transform these 
chlorinated compounds (Kobayashi and Rittman, 1982). Although methane does 
emanate from the landfill in groundwater, it is not clear from C1-1 /, or CH4/CI dis-
tributions whether methanogenesis is also occurring in the leachaie plume beyond 
pi3zopyter G. King (1983), using the distribution of stable carbon isotope ratios 
( Cl C) as well as the distribution of carbon between organic (DOC), inorganic 
(DIG) and methane (CH,) pools in migrating groundwater, indicates that methano-
genesis is occurring at least until piezome ter LL (about 400 m from the landfill), 
but that the final 300 m of flow might be influenced by methane oxidation. Thus 
an 	active 	methanogenic • environment 	is present where 	the chloroform, 
1,14-trichloreethane and trichloroethylene are decreasing to less than 0.1 ugh 1 (ppb) 
levels, supporting the concept of biotransformation as the attenuation mechanism 
for these organics. 



The indication of more oxidizing conditions in the latter 300 m of the flow 
system (King 1983) is interesting in view of the apparent biotransformation of some 
aromatic hydrocarbons between LL and AAA (Figure 3 and Table 1). Compounds 
such as 0,mencip-xylenes, 1,2,4-tri methyl benzene and nap thalene decrease signifi-
cantly, even with respect to Cl, between LL-9 and AAA-5. These compounds are 
generally considered degradable only under aerobic conditions. The lack of measur-
able (< 0.2 mg/L) dissolved oxygen in all seriously impacted groundwaters could 
indicate that the required aerobic conditions were not met, but could also indicate 
that the dissolved oxygen . entering these waters by dispersion (mixing) was consumed 
in the transformation of these aromatic hydrocarbons. 

Many other groups of organics such as aromatic acids, polynuclear aromatic 
hydrocarbons, chlorinated benzenes, are present in this plume. It is hoped that 
continued research will provide information on the environments conducive to their 
transformation and on the combined physio-chemical and microbial processes influ- 
encing their a-  ttenua Lion in sandy aquifers. 	We view this site as an outstanding 
natural laboratory in which to assess landfill-derived organic contaminant migration. 
The natural complexities such as source input variation, and aquifer, variability 
require that conclusions be based on long-term studies with repeated sarnpling of 
critical piezometers. 

Woolwich Landfill  

A total of 110 sampling points from within twenty-one bundle piezometers have 
been sampled for analysis of volatile organic compounds. From this work various 
organic compounds in the groundwater zone have been identified. Near the landfill, 
leachate-impacted groundwater is characterized by low levels of chlorinated vola-
tiles, higher levels of aromatic hydrocarbons and phenolic compounds, and much 
higher levels of carboxylic acids. These types of compounds are common in sani-
tary landfill leachate and are derived from the breakdown of organic materials and, 
in some cases, from disposal of the compound itself. 

The two most common and extensive of these compounds are 
1,1,1-trichloroethane and trichloroethylene. There are readily identifiable concen-
trations of these compounds in the vicinity of the landfill, and much lower' concen-
trations at distance southeastward of the landfill. It is possible that concentration 
levels that are detectable but that are less than about one microgram per litre are 
artifacts of the monitoring devices rather than actual contamination in the aquifer. 
It is known that 1,1,1-trichloroethane and trichloroethylene are sometimes derived 
from the plastics in glues used in such monitoring devices. 

It is expected that 1,1,1 trichloroethane and trichloroethylene would exist in the 
groundwater close to the landfill because these compounds are commonly seen in 
contaminated groundwater at landfills in North America and Europe. Such com-
pounds are ciso commonly seen in groundwater where industrial pollution, not relat-
ed to landfills, occurs. The fact that these two.  compounds do not exist at high 
concentrations beyond a distance about 300 m downgradient of the landfill is con-
sistent with the of some significant degree of adsorption in the aquifer, which 
would cause them to travel less quickly than the flowing groundwater. It is also 
possible that biodegradation processes cause attenuation of one or both of these 
compounds in this aquifer. 



The limit for 1,1,1 trichloroethane in drinking water suggested recently by the 
U.S. Environmental Protection Agency is 200 micrograms per litre. The concentra-
tion levels in the Woolwich aquifer are very small relative to this value. The sug-
gested limit for trichloroethylene in drinking water provided by the State of New 
York is 10 micrograms per litre. A few values above this limit occur very near 
the Woolwich landfill but not at distances from the landfill. To our knowledge, 
guidelines for these compounds in drinking water have not yet been produced by the 
Ontario Ministry of the Environment. The closest drinking-water well is about 1 
km from the landfill in the direction of groundwater flow. The zone of identifiable 
aquifer contamination at the present time therefore has not yet moved sufficiently 
far to cause closure of wells. 

The persistence and mobility of organics at the Woolwich site are difficult to 
define because of the limited sampling up to 1983. The results of sampling during 
1984 may provide a better definition of the areal extent of organic contaminants. 
Consideration of the potential long-term impact of these organics on groundwater 
quality must await these results. 

Borden Landfill 

Groundwater from only about 20 sample points in the bundle piezometers at the 
old Borden landfill were examined for organic contaminants. The general finding 
was that orpnic contaminants were not often present at levels much above back-
ground. Four volatile compounds were detected: chloroform, carbon tetrachloride, 
trichloroethylene and tetrachlorethylene. Concentrations never, exceeded 4 mg/L 
(ppb) and were usually less than 1 ug/l. There was no correlation between distri-
bution of TOC or Cl and these organics. 

Low concentrations (< 10 ugh)  and irregular distributions of aromatic hydrocar-
bons (toluene, substituted benzenes) benzothiazole, and fatty acids are consistent 
with minor leaching if organic matter from the dominantly burned-fill material. 
Elemental sulphur was often found. Given a pH of about 7 and an equilibrium 
among sulphur species, this would imply an Eh of about -202 mV which is consis-
tent with estimates by Nicholson et al. (1983) based on SO4-  -HS-  measurements. 
Diethyl phthalate was often found, but, as this is a common plasticizer, it probably 
is a contamination-  from sampling or piezometer material. Because of the low and 
irregular organic concentrations, this site was considered to be less suitable than 
the other landfill sites for additional detailed studies of organic compounds in the 
plume. 

Bayview Park Landfill  

Organic nitrogen, phenol and dissolved organic carbon (DOG) were used as indi-
cators of the bulk organic content in groundwater. When these parameters are 
present at low levels in background groundwater, the high levels contributed by a 
landfill can be used to trace contaminations. DOG, is commonly used in this way 
in sand and gravel aquifers where background levels are a few mg/L while those in 
the plume may be 10's and 100's of mg/L. 



At the Bayview Park site, background concentrations of organic nitrogen, phenol 
and DOC are quite low in comparison to those found in sand and gravel deposits 
elsewhere in Ontario. At the three background monitoring locations, phenol has a 
maximum level of 2 mg/L, while DOC values range between 2.5 and 4.0. Organic 
nitrogen, the difference between total kjeldahl nitrogen and free ammonia, has a 
maximum background level of 0.3. 

These relatively low background concentrations provide a good contra_st with 
concentrations founc tifenand-fIll. Above background levels ofall 
three indicators o-c-C1_11-----irr-the----shale for several -1-iu-ndred metres showing n overall 
decre th 	 ,MaXIITIUM levels - in a-  -piezometer beneath the landfill 
establish the landfill as a niajor source of dissolved organic compounds. 

Organic nitrogen shows the most gradual concentration reduction with concenz_. 

	

tral-rda n back round levels about 00m downgradient  of the landfill. 	 
While the concentration in the refuse is almost an order of magnitude higher than 
background levels, elsewhere in the shale, concentrations exceed this by only 1 or 2 
mg/L. 

Phenol and _DOC concentrations are much more erratic than organic nitrogen  
down-giza--tre-nt 	uf 	Within 350 m-phenol-Te-vels in the most shallow  pie- 
zometer iii eacTi well nest are at or approaching background while levels in the 
deeper piezometers are at least 50913---nf-the-M-21mum7found  in the refuse. DOC 
c-or--1-C-e-ntrations within 600 m  downoradient of --t-tie landfill are distinctly above back-

- 1-oi_l•C--1 levels, with the exception of the deepest piezometer of this maximum _ 	 dis- 
tahce. 	 - - 

Samples for trace organic analysis at the Bayview Park site were obtained using 
two down-hole cartridge samplers described by Pankow et al. (1984a, 1984b). Sam-
ple cartridges contain Tenax-GC, to which contaminants are adsorbed when the 
sampler is positioned down the piezometer. 	The cartridge, rather than- water, is 
then submitted to the laboratory. 

The potential influence of natural organic matter on the bulk organic concen- 
ira 	

, 
. i 	. ssirdT 	of more diagnostic tracers of groundwater con- 

tamination. Three tra-c-e--bigarW---tb-rnpounds,--1,1,1 trichloroethane (TCA),  chloroben- _ 	 __ 
z6nie-K-C14 a_r_id n.a.zadicbloroben-ierie---(PDCB),-  were identified in groundwater and used 
in this capacity. As synthetre—compounds; the only SOurce of _these compounds in _ 
groundwater is the  -landfill, when it is established that the piezometer materials are 

_ 	 
not p_s_igni_r_uz_•24t 	sour-ce,.-- 	

_ 	 - 

The distribution of TCA, CB and PDCB confirmed the vertical movement of 
landfill-d--eri-ved contaminants Co -depths at least as great as the deepest piezo-Friet-er._ 

These compounds also indie-ate-that there has been migration of -Iandfill-derivea 
contaminants at least as far towards Lake Ontario as  the farthest piezometers_ from 
i-__Landfill (3.5 Icr-r 	TFis,  the bottom and the front of the plume have not yet 

been locat,e_:_________.-4  
' 

All three trace organic compounds were found as far  350 m downgradient as of 
the lanolilE. Beyond this point2  CB is not detectable and PDCB concentrations are 
approaching rig-r-I-Tdetectable limits. Concentrations of TA are still-at --leaSt_0.5___ 

ug/L-----at a diSt-ari-ee-df-  80-0—m-hoWeer. Although virtually nothing is known about 

	

- 	, 



- 

the input of the compounds to the groundwater flow system, the distance down_gra-
dient ts:Limhich____each-occurs-appear_s consistent with their relativ6 6iodegradability„ 

The occurrence of CB and PDCB is coincident with tritiated groundwater, which 
implies input to the system after 1953. Because no landfill-related contaminants 
were introduced to groundwater prior to the opening of the landfill in 1961, the 
occurrence of TCA in non-tritiated groundwater suggests differential loss of these 
two constituents to the shale. This loss may be due to diffusion to the shale 
matrix as suggested by a free solUtion diffusion coefficient for tritium that is a 
factor of 2.7 larger than a comparable coefficient for organic compounds structur-
ally similar to TCA. Laboratory measurements of the diffusion coefficient for 
chloride and tritium in the shale are currently in progress. 

SUMMARY AND CONCLUSIONS 

At each of the six landfills included in this investigation, extensive zones of 
leachate impacted groundwater have been identified. In each of these zones the 
vertical variations of concentrations of both inorganic and organic contaminants are 
large. The use of multilevel monitoring devices to determine vertical profiles of 
water chemistry has been essential in the task of determining the zones' where 
highest contamination levels exist. 

At the landfills on sand aquifers, the vertical concentration profiles of trace 
organic compounds are, in general, much different than those of chloride and DOC. 
Delineation using chloride and DOG therefore will not necessarily provide definition 
of the most important zones of contamination with trace organic compounds. The 
lateral distribution of trace organic compounds in the sand aquifers indicate that 
the absorptive capacity of these aquifers is too low to prevent considerable migra-
tion of many hydrocarbons. The solid phase organic carbon content of the sand 
aquifers are very low and therefore the sand provides little tenancy for absorption 
of organic compounds. 

Distribution of trace organic compounds at the Woolwich and North Bay landfill 
sites is much more complex than that of the inorganic parameters such as chloride 
and dissolved organic carbon. This suggests that much more extensive monitoring 
would be required to provide a basis for 'predicting the future migration of trace 
organic compounds relative to the monitoring detail required for inorganic contami-
nants. 

By far the greatest difficulty in delineatin zones of leaChate migration in the 
groundwater zone • was encountered at t e  two  landfill sites on fraci-u-re-d-bedrock. 
751/4 t theS'FiTres the pattern of groundwater flow is very complex because the 1-r75-e--' 
ture network isplex. The back-ground-water -efiem-ia-f-y also provided complexi- 
ties because oil-  high salt concentrations and more variabie and 	ncgritT concentra- 
tions of .natural organiccarbTn. AT-trie-la-ndfill-site-on-the-aTe-e-n—t-s. on shale it was 
necessa-Frt-O-U§E-t-Face-  halogenated hy-drocarbonS-for ide-Fitify-Trig the main ext-e-ni of 
thzone 	of----le_.-achate-impacted-grtKilidWater. At the landfill site on dolomite-  and 

- 

dolomitic shale a larg-e----fiumb-ef-iifTridr-g-anic---and-organic constituents were necessary 
to provide indications of leachate contamination. 



Our studies at the six landfill sites indicate that when landfills are situated on 
moderately permeable or•  very permeable overburden deposits or on fractured bed-
rock, extensive zones of leachate-impacted groundwater can develop. In fractured 
shale, extensive zones of contamination can develop even though the shale has a 
low permeability. The potential of landfill leachate to cause groundwater contami-
nation does not seem to diminish with landfill age. Thus it is reasonable to expect 
that the extent of the contaminant zones will gradually increase in future decades 
and maybe even in future centuries. Although many inorganic contaminants are 
present throughout leachate plumes, inorganic contaminants that. are hazardous in 
drinking water are rarely observed anywhere but very close to the landfills.. Trace 
organic contaminants pose the main threat to drinking water supplies. Fortunately, 
of the six landfills that we are investigating, only one is . situated in an aquifer 
where water supply wells may eventually be adversely impaced by landfill leachate. 
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